Radiometric cross-calibration of Earth observation sensors is an effective approach to evaluate instrument calibration performance, identify and diagnose calibration anomalies, and quantify the consistency of measurements from different sensors. In this study a novel cross-calibration method is proposed, taking into account the spectral and viewing angle differences adequately; the method is applied to the FY-3C/Visible Infrared Radiometer (VIRR), taking the Suomi National Polar-Orbiting Partnership (NPP)/Visible Infrared Imaging Radiometer Suite (VIIRS) as a reference. The results show that the relative difference between the two sets increases from January to May 2014, and becomes lower for the data on 24 July, 11 September, and 16 September, within approximately 10%. This phenomenon is caused by the updating of the calibration coefficients in the VIRR datasets with results from a vicarious method on June 2014. After performing an approximate estimation of the uncertainty, it is demonstrated that this calibration has a total uncertainty of 5.5%-6.0%, which is mainly from the uncertainty of the Bidirectional Reflectance Distribution Function model.
Introduction
To make full use of the ever-increasing EO satellite systems, radiometric calibration, especially post-launch calibration, is of critical importance for the various imaging sensor systems, because the performance of sensors is subject to change during launch and the subsequent exposure to the space environment [1] [2] [3] . On-board calibrators, reference to lamp sources and/or solar illumination or lunar illumination, and approaches using Earth scenes imaged in-flight are effective for operational calibration and monitoring of the performance of sensors. However, due to power, weight, and space restrictions, some satellites are not well characterized by on-board calibrators, especially in the solar reflective spectral region [4] ; thus, the calibration approach using Earth scenes is significant.
Earth surfaces with suitable characteristics have long been used as benchmark or test sites to verify the post-launch radiometric calibration performance of satellite sensors. The associated methodologies are often referred to as vicarious calibration or cross-calibration [5] . Although vicarious calibration has been shown to be successful, its accuracy depends on the coincident surface measurements of test site, climate, and weather conditions, and this calibration technique is very complex, laborious, and expensive. The cross-calibration approach uses terrestrial targets to transfer radiometric calibration between satellite sensors without coincident surface measurements; it has been explored for evaluating instrument calibration performance, identifying and diagnosing calibration anomalies [5] . Therefore, a number of national and international efforts have been made [6] on cross-calibration. Notable among them is the Global Space-based Inter-Calibration System (GSICS) initiated in 2005 by the World Meteorological Organization (WMO) and the Coordination Group for Meteorological Satellites (CGMS). GSICS aims to produce consistent and well-calibrated measurements from a variety of the international operational meteorological satellites, such as the serial satellites of Geostationary Operational Environmental Satellite system (GOES), Meteosat, FY, etc. [7] .
The Visible Infrared Radiometer (VIRR) is one of the key instruments onboard the Chinese meteorological sun-synchronous satellite FY-3C, which was successfully launched on September 2013. Similar to the Advanced Very High Resolution Radiometer (AVHRR) and Multi-channel Visible and Infrared Scanning (MVIRS), VIRR has no on-board calibration system for the solar reflective channels, and its post-launch calibration depends on cross-calibration and vicarious calibration. However, because the vicarious calibration is performed once a year due to the cost and measurement conditions, cross-calibration becomes a valuable approach to characterize the performance of VIRR. Xu et al. have performed cross-calibration using the Moderate Resolution Imaging Spectroradiometer (MODIS) with the simultaneous nadir overpass (SNO) method [8] . However, the SNO method requires simultaneous nadir observation of the two sensors over the same target and has strict thresholds on the solar zenith and view angles. These requirements would result in less eligible image pairs, thereby reducing the frequency of cross-calibration. Therefore, this study preliminarily proposes a novel method for the cross-calibration between the sensors without strict viewing angle and spectral consistency, such that the sensors' performance could be monitored more frequently. This method is applied to the VIRR data in the solar reflective band with different viewing angles, referring to the well-calibrated Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-Orbiting Partnership (Suomi-NPP) spacecraft. The calibration accuracy of VIIRS is approximately 2% in most solar reflective bands [9] . Section 2 gives a detailed description of the methodology, including data description and the calibration approach. Section 3 shows the cross-calibration results of VIIRS and VIRR. Section 4 gives the uncertainty analysis, and some discussions are presented in Section 5. Conclusions are drawn in Section 6.
Methodology

Dataset Description
The Dunhuang test site is in the Gobi desert, approximately 35 km west of the city of Dunhuang. The test site was an operational radiometric calibration and validation site for Chinese satellite sensors in 2001, located on the eastern edge of the Kumutage Penniform Desert in Gansu province, Southwest China. The whole target area for vicarious calibration is situated on a stabilized alluvial fan, 30 kmˆ30 km in size [10] . The atmosphere is dry, clean, and typically has low levels of aerosol loading, making it beneficial for the calibration experiments; the site was chosen as one of the Committee on Earth Observation Satellites (CEOS) calibration and validation test sites.
The VIRR onboard FY-3C is a heritage instrument from the Multispectral Visible Infrared Scanning Radiometer (MVISR) onboard FY-1C and D. It provides images in 10 spectral bands between 0.44 and 12.5 µm, with a spatial resolution of 1.1 km at nadir, and it includes five visible-near infrared bands, two shortwave bands, and three middle and thermal infrared bands; its data records could be used for vegetation and ocean colour monitoring. VIIRS collects radiometric and imagery data in 22 spectral bands within the visible and infrared region ranging from 0.4 to 12.5 µm, including 16 moderate-resolution (750-m pixels) and five imagery resolution (375-m pixels) bands, plus one panchromatic "Day-Night Band". The VIIRS spectral data are calibrated and geolocated in ground processing to generate Sensor Data Records (SDRs) [11, 12] . The solar reflective bands of VIIRS, covering similar wavelength range as MODIS, are also calibrated by the solar diffuser (SD) and lunar observations, with a calibration accuracy of approximately 2% in most bands. Thus, bands M3, M4, I1, and I2 are used to cross-calibrate the corresponding VIRR bands 8, 9, 1, and 2; the characteristics of VIRR and VIIRS visible-near infrared channels are shown in Table 1 and Figure 1 .
In addition, because the two sensors onboard different platforms have different overpassing times, only clear-sky scenes observed by both sensors are employed during 2014, so that the atmospheric effect resulting from different acquisition time could be reduced as much as possible, and no temporal matching is considered. In this study, a total of 11 scenes of VIRR images over Dunhuang site are acquired and used as the data source for cross-calibration with the corresponding VIIRS calibrated and geolocated SDR data. The dates and viewing geometries of these scenes are shown in Table 2 . Note that some of the pairs have large differences in viewing direction between the two sensors, and this difference could incur larger calibration errors without an accurate Bi-directional Reflectance Distribution Function (BRDF) correction. As an example, Figure 2 shows the image of VIIRS band I2 (see Figure 2a ) and VIRR band 2 (see Figure 2b ) over the Dunhuang test site on 16 September 2014. 
Cross-Calibration Approach
The cross-calibration method involves comparison of the radiance/reflectance measured by the calibrated sensor with that measured by a well-calibrated sensor as a reference. This exercise can be reduced to spatiotemporal coincidences, i.e., acquisition by both sensors at the same time and with the same viewing geometries (for example, the SNO method). Nevertheless, such coincidences are not very frequent when comparing two sensors with different orbits, altitudes, cycles, and local equatorial crossing time. In these conditions, the reference is, in general, not acquired at the same time for exactly the same spectral range and for the same viewing geometry [13] . For this reason, some corrections must be applied to take into account these aspects.
To alleviate the impact of viewing geometry on the cross-calibration, the Bidirectional Reflectance Distribution Function (BRDF) characteristics of Dunhuang site measured in 2011 with SVC HR1024 spectrometer are used. Measurements were acquired with the viewing zenith angle scanning from 0t o 70˝with a step of 14˝, and the relative azimuth angles between the sun and viewing direction varied from 0˝to 180˝, with a step of 30˝. Seven datasets of hemispherical scanning measurements were used with the solar zenith angle ranging from 29˝to 52˝. Examples of the multi-angle Bidirectional Reflectance Factor (BRF) measurements corresponding to VIIRS bands M3, M4, I1, and I2 are shown in Figure 3 . The figure shows a general increasing trend towards the backward scattering direction for these bands. In this study, first, with the atmospheric parameters at the VIIRS scenes' acquisition time [the water vapor content (WVC) extracted from the National Centers for Environmental Prediction (NCEP) reanalysis data, the ozone content extracted from the product of Ozone Monitoring Instrument (OMI) onboard the Aura satellite, and the assumed visibility of 40 km (see Table 3 ), the surface reflectance of Dunhuang site is derived from VIIRS reflectance at the top of atmosphere (TOA) using the radiative transfer model 6S. Next, the angular effect of surface reflectance is corrected with the BRDF model proposed by Roujean et al. [14] , fitted with the multi-angle BRF measurements, and the surface reflectance along with VIRR viewing direction could be acquired. Subsequently, based on the atmospheric parameters at the VIRR scene acquisition times, the corresponding TOA reflectance is simulated using the 6S model. In this study, the default solar model in the 6S radiative transfer model is used to characterize the solar irradiance [15] . Different applications and technological developments in Earth observation necessarily require different spectral coverage [16] . Thus, spectral bands differ significantly among sensors, even for bands designed to observe at the same region of the electromagnetic spectrum; as a result, these sensors yield fundamentally different measurements that are not directly comparable. To remove the effect of spectral characteristics on cross-calibration, the spectral band adjustment factor k in a given spectral band i is calculated as a ratio of the TOA reflectance from two sensors with a simulation method. In this method, a series of TOA reflectance for VIIRS and VIRR sensors in a given spectral bands i are calculated using the 6S model. The band surface reflectances, varying from 0.1 to 0.5 with a step of 0.1, are used as inputs to drive the 6S model, together with the selected atmospheric states, the sensor's spectral response function, and the illumination and viewing geometries. Subsequently, the corresponding spectral band adjustment factor k i is fitted by linear regression method.
After alleviating the impact of viewing geometry and spectral characteristics, the measured TOA reflectance of VIRR in a given band i could be evaluated with the simulated VIRR reflectance values. The flowchart is shown in Figure 4 : 
Results
To perform this cross-calibration, a common calibration area over the Dunhuang site is selected with geographic location of the top-left corner (40.25˝N, 94.25˝E) and the bottom-right corner (40.1˝N, 94.5˝E) of the area. This area has a coverage of approximately 2400 pixels and 1100 pixels in the VIIRS images at a spatial resolution of 350 m and 750 m, respectively, and 725 pixels in the VIRR images. Table 4 depicts its mean digital number (DN) values and standard deviation. With the aid of the atmospheric parameters (see Table 3 ), the atmospheric correction of VIIRS is performed for the aforementioned VIIRS datasets via 6S code, and then the derived surface reflectance are corrected with the BRDF model. The scatterplot of the VIIRS TOA reflectance and the derived surface reflectance (see Figure 5) , and the scatter plot of the derived surface reflectance and the BRDF corrected values under the geometry condition of VIRR (see Figure 6 ) are shown below. Note that the atmosphere effect on the VIIRS M3 band is higher than for the other three bands, and the differences in Figure 6 denote the sole influence of the BRDF correction with positive or negative values, which depend on differences between the viewing geometries of the two sensors. With the aforementioned method, the spectral band adjustment factor for each of the image pairs is calculated. Figure 7 shows the spectral band adjustment factor on 24 July 2014. With the aid of the spectral band adjustment factor, surface reflectance and corresponding atmospheric parameters, the simulated VIRR TOA reflectance is acquired via 6S (see Figure 8 ) and is compared with the measured ones (see Figure 9) . Note that the relative difference between the two sets increases from January to May 2014, with a maximum of more than 45%, and the relative differences are lower for the data on 24 July, 11, 16 September, approximately within 10%. The lower relative differences would result from the fact that VIRR has been calibrated using the vicarious method on June 2014, and the calibration coefficients in the datasets were updated. In contrast, the pre-launch calibration coefficient was adopted for these datasets before June 2014. Table 5 shows a comparison between the pre-launch calibration coefficient (gain) of the VIRR sensor and the post-launch one on June, 2014. Note that a large variation is presented on the gain values of the VIRR sensor. Scatterplot of the VIIRS TOA reflectance and its surface reflectance after atmospheric correction. 
Uncertainty Analysis
Although the view geometry and spectral discrepancies between two sensors are reduced as much as possible in this study via BRDF correction and spectral adjustment, the accuracy of cross-calibration is still affected by several factors, such as the uncertainty of the BRDF model, atmosphere parameters, (WVC, visibility, ozone content, and aerosol model, etc.), image registration, 6S model, etc. Since not all the factors could be quantified, a rough estimation is performed in terms of the following factors in this study:
The uncertainty caused by the VIIRS calibration (σ 1,i (band number i = 8, 9, 1, and 2)): the uncertainty of the VIIRS calibration is approximately 2% (see the second row in Table 6 ).
2.
The uncertainty that is caused by the 6S model (σ 2,i (band number i = 8, 9, 1, and 2)): according to the error transfer theory, the error of the 6S model (σ 6s ), which is estimated to be approximately 2%, caused by this model error (σ 2,i " ? 2σ 6s ) is approximately 2.83% (see the third row in Table 6 ).
3.
The uncertainty caused by the BRDF effect (σ 3,i (band number i = 8, 9, 1, and 2)): the uncertainty of the fitted BRDF model proposed by Roujean is approximately 5%, resulting in an uncertainty within 4.5% of the simulated VIRR TOA radiance (see the fourth row in Table 6 ).
4.
The uncertainty that is caused by the atmospheric parameters ‚ In this study, the aerosol type is assumed as the continental aerosol model, which would create an error in the TOA reflectance simulation of VIRR because the Dunhuang test site has a mixed aerosol type of the continental and desert models. To analyze the effect of aerosol type on the cross-calibration (σ 4,i (band number i = 8, 9, 1, and 2)), spectral adjustment factors and a new group of VIRR TOA reflectance for a given band i is generated when the desert aerosol model is used, and the relative differences are also computed (see the fifth row in Table 6 ). Similarly, the visibility is changed by˘10 km to analyze the uncertainty caused by aerosol type (σ 5,i (band number i = 8, 9, 1, and 2), see the sixth row in Table 6 ). The results demonstrate that the uncertainty resulting from the aerosol type and the visibility are all within 1%.
‚
The WVC and ozone contents are also important parameters in this cross-calibration approach. To investigate their effects, similar to the analysis method of visibility, it could be found that the 20% uncertainty in WVC and 10% uncertainty in ozone content would cause an uncertainty within 0.5% (σ 6,i (band number i = 8, 9, 1, and 2)) and 0.2% (σ 7,i (band number i = 8, 9, 1, and 2)), respectively, to the cross-calibration (see the seventh and eighth rows in Table 6 ).
5.
Image co-registration error (σ 8,i (band number i = 8, 9, 1, and 2)): the relative location offset of the cross-calibration test site in two images is inevitable, thereby affecting the accuracy of the cross-calibration. In this study, a sliding window method is used [17] to estimate that the image co-registration error would cause an uncertainty of approximately 0.3%-0.5% (see the ninth row in Table 6 ).
From these analyses, the total uncertainty for spectral band i (σ i, i = 8, 9, 1, and 2) in the cross-calibration could be estimated with σ i " b ř 8 j"1 σ 2 j,i (j is the index of uncertainty terms); note that the uncertainty in the calibration for the four spectral bands is 5.5%-6.0%. 
Discussion
With the development of remote sensing technology and the urgent need for its quantitative application, much more accurate and higher-frequency radiometric calibration is required to monitor sensor performance. FY-3C/VIRR was launched in 2013 without an onboard calibrator, so that its calibration mainly depends on the various calibrations and cross-calibration. Due to the limitation of SNO cross-calibration method on the solar zenith and view angles, a new cross-calibration method is proposed that has great application potential. In this method, to eliminate the spectral difference between two sensors, the spectral adjustment factor is calculated with a linear regression method for reducing its low sensitivity to the variation of surface reflectance. Furthermore, to account for their viewing geometries differences between two sensors, a BRDF model is constructed with the measured BRF over a uniform area of Dunhuang site. After these corrections, the simulated VIRR TOA reflectance is acquired and is inter-compared with the measured one. Compared to the SNO method, the cross-calibration method can be performed without strict thresholds on view angles, and thus the performance of VIRR could be monitored more frequently with VIIRS, MODIS, etc. In addition, the method also could be applied to other sensors. However, it can be found that the accuracy of this method strongly depends on the accuracy of BRDF model, so the image pairs with very large viewing geometries would induce much higher uncertainties on the calibration. Therefore, in the future, further studies on the BRDF model, more accurate BRDF measurements, and the validation of the method over different surface types and synchronized ground measurements are required.
Conclusions
In this study, NPP/VIIRS was used as a reference sensor to cross-calibrate the FY-3C/VIRR with a proposed method to monitor its radiometric performance, taking into account the discrepancies in the geometries and spectral coverage between the two sensors. The results preliminary demonstrate that there exists a large difference between VIRR and VIIRS; this might be partly caused by the degradation of VIRR. The relative difference between the two datasets increases from January to May 2014, and is lower for the data on 24 July, 11 September, and 16 September, approximately within 10%. The phenomenon is because the calibration coefficients in the VIRR datasets were updated in June 2014, with results from the vicarious method. Furthermore, through an approximate error analysis, it is found that the total uncertainty for the cross-calibration is 5.5%-6.0%. Among the various factors, the uncertainties of atmosphere parameters have little effect on the accuracy of the cross-calibration; the accuracy of BRDF was found to be the main source affecting the calibration accuracy. Thus, a more accurate BRDF model is required to promote this method in the future for long-term application.
